Air traffic management is organized into filters in order to prevent tactical controllers from dealing with complex conflicting situations. In this article, we describe an experiment showing that a dynamic conflict display could improve human performance on complex conflict situations. Specifically, we designed a display tool that represents the conflicting portions of aircraft trajectories and the evolution of the conflict zone when the user adds a maneuver to an aircraft. The tool allows the user to dynamically check the potential conflicting zones with the computer mouse before making a maneuver decision. We tested its utility on a population of forty students: twenty air traffic controller (ATC) students at the end of their initial training and twenty engineering students with the same background but no ATC training. They had to solve conflicts involving 2-5 aircraft with a basic display and with the dynamic visualization tool. Results show that in easy situations (2 aircraft), performance is similar with both displays. However, as the complexity of the situations grows (from 3 to 5 aircraft), the dynamic visualization tool enables users to solve the conflicts more efficiently. Using the tool leads to fewer unsolved conflicts and shorter delays. No significant differences are found between the two test groups except for delays: ATC students give maneuvers that generate less delays than engineering students. These results suggest that humans are better able to manage complex situations with the help of our conflict visualization tool.
Introduction
Air Traffic Controllers deal with a variety of complex tasks. The latest progress in new technologies offers more opportunities to develop tools that can improve their efficiency. Previous research (Karikawa et al. 2013) has illustrated the cognitive strategies of air traffic controllers in real work situations. Karikawa et al (2014) have developed a visualization tool of en-route Air Traffic Control tasks to analyze the performance characteristics of controllers' strategies. More recently Edwards et al. (2017) studied the interaction of situation awareness and workload for different levels of automation in a real environment as well.
In this article, we deliberately focus on mental resources required by the combinatorial aspect of aircraft conflict resolution through a simplified experiment comparing complex conflict situations involving 2, 3, 4 or 5 aircraft with or without a new dynamic conflict display tool. We conduct the experiment on a population of 40 students: a cohort of 20 air traffic control (ATC) students at the end of their initial training and a cohort of 20 engineering students without air traffic control training. All students are currently at the Ecole Nationale de l'Aviation Civile (ENAC).
The purpose of the proposed experiments is to show that humans are able to deal with conflicts involving two or three aircraft but reach their limits in solving more complex situations without any aid. This phenomenon could have strong connections with the idea of limited-capacity working memory. Indeed, several studies support the view that human working memory is composed at least of a visuospatial component and a central executive component (Baddeley and Logie 1999) . Both components are likely limited in capacity. Solving an air traffic control situation involves temporary storage of sequences of aircraft locations as well as the processing of this information (mental projection of future positions). As a consequence, as the situation becomes more complex, one can suppose that the working memory capacity limit would impair performance on conflict solving. Moreover, findings in cognitive psychology have highlighted that visuospatial memory and reasoning are intrinsically related (Tabachneck-Schijf et al. 1997) . Therefore, the use of an external visualization tool may help people to complement their internal mental representations and find a solution to the conflict situation (Tversky 2005 ). We did not assess mental capacity of the participants separately from the ATC experiment because the combinatorial characteristic of the problem cannot be addressed with human mental storage capacities when the problem involves 4 aircraft or more. Indeed, we show later in the introduction that for only 3 aircraft, a human would have to test up to 8 different trajectory combinations, but for 4 aircraft the number of combinations reaches 64 and 1024 for 5 aircraft, which is far more than process a human brain. The experiments show that the initial 2 year training of ATC students has a low impact on their capacity to manage complex conflicts: when comparing the results with a cohort of engineering students who have the same age and scientific background without the ATC training experience, we do not see any significant difference, except for delays: Air Traffic Controller students tend to pay more attention to delays than engineering students.
To explain this result, we suggest that the complexity of conflicting situations involving 4 or more aircraft is too high for humans to deal with. We show that a simple tool could help simplify complex situations. We call it the Controller Assistance Tool (CAT). It is meant to help the controller manage complex situations without giving the optimal solution. We use a simplified environment in order to isolate the intrinsic complexity of conflict resolution. We use a single flight level (altitude) because controllers work on 2D displays. We only explore horizontal maneuver options on randomly generated clusters of different sizes. We check how a tool capable of showing parts of potentially conflicting trajectories can help humans separate aircraft for different levels of complexity.
Background
Air traffic controllers' en-route tools have not evolved much over the last few decades despite the exponential growth of computing power. Whereas on board systems fully rely on automation, en-route air traffic controllers are still dealing with complex situations with simple tools. Conflict detection and resolution require much of their mental resources. In order to provide a tolerable level of complexity to air traffic controllers, the current air traffic management system is divided into layers or filters, each with a decreasing time horizon. Each layer is meant to reduce the complexity of the next one. There are four major layers: In France, air traffic controllers are trained to detect conflicts using a 2D horizontal visualization of the traffic. Aircraft are represented by plots. Past positions of the aircraft are represented by a comet. The speed vector is materialized by a line segment representing x minutes of flight. This line segment helps the air traffic controller project future positions of the aircraft to detect potential conflicts. Controllers can also manually measure distances between points to check minimum separations, but this information is not automatically shown on the screen. There have been many attempts to organize the controller's work or assist the conflict detection task. Uncertainty management plays a key role in air traffic control. Corver and Grote (2016) recently proposed a field study exploring sources of uncertainties and management strategies adopted by controllers. Some of the first research experiments on controller assistance tools were carried out in the 1990s. In Europe, HIPS (Meckiff and Gibbs 1994; Price and Meckiff 1997) the Highly Interactive Problem Solver was issued from ARC2000 (Dean et al. 1995) . HIPS offered a representation of the conflict zones, called no-go-zones, in an interactive way for a chosen aircraft, knowing the intent of the other aircraft and taking into account uncertainties. It was tested on diverse scenarios with real controllers. It was tested in a Free Flight environment (Duong et al. 1997 ) and on Oceanic traffic management (Price and Meckiff 1997) . It did not offer any automatic solution using combined maneuvers but was meant to dynamically show the evolution of conflict zones. The major drawback of the no-go-zones is that they did not give any useful information on how to return to the original route and did not check conflicts on this part of the trajectory. Uncertainty was taken into account and an optimal maneuver time could thus be defined, but the uncertainty modeling was not detailed in the articles. Bakker and Blom (2000) compare different conflict prediction models taking into account uncertainties. They explain that uncertainty model adopted by HIPS uses geometric approach: Aircraft are modeled by ellipses and the conflict predictor compares the distance between ellipses and the separation standard. The size of the ellipse grows with time in the speed direction. This models uncertainties on aircraft speeds. Bakker and Blom compare on different scenarios the result of the geometric conflict predictor and the probabilistic model used by Erzberger (1997) and later adopted by Arthur and McLaughlin (1998) in the American project User Request Evaluation Tool (URET). They also introduce a third conflict predictor based on a collision risk approach. The challenge of any conflict predictor is to detect every conflict without overestimating potential conflict that will not lead to effective separation loss.
In the US, Erzberger (1997) introduced a conflict predictor in the 90s that was then used by Arthur and McLaughlin (1998) in URET. The model is much more technically advanced than the geometric approach. It can display conflict probabilities in complex situations. The conflict probe was used by Prevot et al. (2005) as a tool to assist controllers in the conflict detection task. Prevot et al. (2008) describe complex experiments done in 2008 to check how new displays of conflicts and an interactive conflict solver can help controllers deal with 3 times the current traffic. In Prevot et al. (2011) , bad weather conditions and time constraints are added to check the robustness of the automated solver tool. More recently, Borst et al. (2017) proposed a solution space diagram for conflict detection and resolution in the horizontal plane. It shows the speed vector and different forbidden zones generated by other aircraft and offers interaction to the user.
None of the cited approaches have analyzed the combinatorial aspect of conflict resolution. NASA has built complex experiments that show that new technologies can increase the manageable traffic density. However, in all these experiments, it is hard to isolate which factor contributes to major improvements.
Much research has been done on automatic conflict resolution Oh et al. 1997; Frazzoli et al. 2001; Pallottino et al. 2001 Pallottino et al. , 2002 Christodoulou and Kontogeorgou 2008; Alaeddini et al. 2011; Gariel and Feron 2009; Allignol et al. 2013) . Complex conflict situations can now be handled by automatic solvers. Hypotheses used by researchers to model the trajectories and uncertainties are generally not realistic enough to imagine a usable application, but even in the most realistic models using simple maneuvers Allignol et al. 2013) , the solutions found by automatic solvers on complex situations are hard to understand and cannot be easily used as an aid for air traffic controllers in real time situations. Alaeddini et al. (2011) proposed a conflict solver that is close to Air Traffic Controllers practices, but his algorithm uses a sequential resolution model. Sequential resolutions models are most of the time less efficient on complex situations than global approaches.
Conflict resolution complexity
We suggest humans cannot deal with complex conflicts without assistance because the problem is combinatorial. Durand (1996) explained how difficult the mathematical problem to solve a cluster of conflicting aircraft is Durand et al. (1996) . Even if trajectory minimization can be modeled by a convex function, the search space in the horizontal plane is divided into many components which would each require a local search for a solution. In the horizontal plane, for a conflict involving two aircraft, if trajectories do not loop, the set of conflict free trajectories has two separated components. For a conflict involving n aircraft there may be 2
different components in the free trajectory space which strongly suggests that any method that requires exploring every connected component is NP-difficult. It is important to note that this complexity is independent from the modeling chosen. The problem is that even for small values of n, the number of potential different solutions in the horizontal plane grows exponentially. For n = 4 aircraft there are already 64 potential options, and for n = 5 the number rises to 1024. Durand and Granger (2003) statistically studied the complexity of actual air traffic data with cluster analysis and showed that 2 and 3 aircraft clusters are the majority, but 5 and more aircraft clusters are not rare in current densities of traffic if no filter is applied. This means that as traffic becomes denser, air traffic controllers will likely face the issue of solving more complex clusters. The number of conflict combinations for n aircraft clusters is the number of graphic sequences and it also grows exponentially with the number of aircraft involved. For example, with 2 aircraft, there is only one possible graphic sequence, representing a conflict between the two aircraft whereas for 5 aircraft, there are 20 different graphic sequences (see Fig. 1 ) representing 20 different possible structures of conflicts inside the cluster. Every vertex represent an aircraft and each edge is a conflict. The graphical sequence also gives the minimum number of maneuvers necessary to solve a conflict.
Outline
In Sect. 2, we describe the tool used in our experiments to ease conflict resolution. We explain how it was designed, and how it works and detail the experiment. Section 3 analyses the results. We conclude and suggest further avenues of inquiry.
3 2 Experiment description

Tool description
The tool is rather simple and intuitive. We use a 2D-display of the traffic. Aircraft are represented by plots. A comet shows the past position and the speed vector is represented by a segment showing the future position of the aircraft in 1 min. The five nautical miles separation standard is displayed on the top left of the screen.
The trajectory track is represented as a light line on which the plot representing the aircraft moves. In the experiments, we compare two modes of conflict display. In the Basic mode, no information of the conflict location is given on the trajectory track. Figure 2 gives an example of a 2 aircraft conflict in the Basic display mode. In the Dynamic display mode, the part of the trajectory of each aircraft in conflict is represented by black segments. Figure 3 shows the same 2 aircraft example in the Dynamic mode.
For the experiments, the double white arrow allows the user to move forward in time and the NEXT button moves to the next exercise.
In both modes, the user can modify the trajectory with the cursor. When the user positions the cursor over a trajectory line, it turns blue. The user can select a point of the trajectory by holding the left click. While holding the left click the user can move the trajectory line and add a maneuver when releasing it. A right click during the move cancels the maneuver. Moving the mouse wheel advances the time just like clicking the double arrow. The number of maneuver actions and the delay caused by maneuvers are displayed on the top right of the screen.
In the Dynamic mode, conflicting parts of trajectories are represented in black. Because of uncertainties, these parts can shrink or vanish with time. When the cursor selects a trajectory (blue), the conflicting parts involving this trajectory turn red. When selecting a point of the trajectory and moving it, the user can dynamically see the evolution of the conflict zone (see Fig. 4 ).
The experiment starts with a short text explaining the display and the mouse functions. It explains that aircraft are represented by plots, comets show the past positions and the speed vectors give the expected positions within 1 min. It reminds that the separation standard is on the top left of the screen. The mouse functions are detailed as follows: • By clicking and holding the left button, the user can catch and move a point of the trajectory and create a maneuver when releasing the button; • While moving a point, a right click cancels the move; • Moving the mouse wheel advances the time;
• The Next button moves to the next exercise.
Before the set of Basic mode exercises, we give one page of guidelines to inform the participants that conflict zones are not represented. We remind the priorities: they must first solve conflicts, second minimize the number of maneuvers, and third limit the delay. The first exercise is a training exercise.
Before the set of Dynamic mode exercises we give one page of guidelines to inform the participants that conflicting parts of trajectories are represented in black. We inform them that these part can shrink or vanish with time because of uncertainty. When the cursor selects a trajectory, it turns blue and the conflicting parts involving this trajectory turn red. We also remind the priorities: they must first solve conflicts, second minimize the number of maneuvers, and third limit the delay. The first exercise is a training exercise.
Conflict detection calculation
Each trajectory is divided in line segments on which the aircraft has a constant speed. We use a standard rate (3 degrees per second) to model turns and approximate turns with segments. The angle between two consecutive segments cannot exceed 10 degrees in order to keep the trajectory display smooth. To measure the separation between two trajectories, we add points on both trajectories in order to synchronize the lists of segments. Once segments are synchronized, the problem is reduced to checking the distance between aircraft 1 and aircraft 2 flying at constant speed on segment A 1 B 1 and segment A 2 B 2 (see Fig. 5 ). The distance is the length of vector We add some uncertainty in the model by increasing the separation standard linearly with time. We replace d with d 0 + t s d in the previous equation. We keep a quadratic equation, but in some rare cases the aircraft are separated in the segment between the roots. This depends on the sign of
When a ≥ 0 then the equation can be treated like previously, whereas when a < 0 the segments are in conflict outside the roots. In the experiments, the initial separation standard is 5 nautical miles and it increases by 5% of the mean of the aircraft speeds. This means that the uncertainty model can handle a 5% error on the speed and a 2.8 degree error on the aircraft track. Using such a growing norm is very convenient for quickly calculating the conflicting zone, but it can only model an isotropic growth of uncertainty. This is the main problem of such a model. We are currently working on improving the uncertainty model to take into account real uncertainties, such as the maneuver execution time, which depends on the pilot reaction, the speed uncertainty, or heading change uncertainty.
In real life, controllers often wait until the conflict is certain before maneuvering an aircraft. This simple isotropic model is not completely realistic, but it is able to model the interest of waiting before acting by showing conflicting zones that can either shrink with time if the conflict disappears or remain if not. This aspect is essential to build experiments where predicted conflicts integrate uncertainties on the trajectory prediction.
Exercise generation
In order to generate some random traffic situations with different types of conflicts between aircraft, we consider a circular sector with a diameter of 100 nautical miles (about 15 min of flying time for an aircraft), with 20 possible entry points regularly positioned on its circumference (see Fig. 6 ). With these orders of magnitude, the distance between two neighboring entry points is over 15 nautical miles (which is three times greater than the minimal separation distance between aircraft).
The number of aircraft in the traffic situations vary from 2 to 5. Each aircraft is randomly assigned:
• a nominal speed, between 370 and 550 knots; • its own entry point, in a rectangular area of 10 nautical miles around one of the sector's entry points; • an exit point on the opposite side of the sector, in a slice extending by plus or minus 30 degrees around the opposite point on the circle.
Initially, each aircraft flies directly from its entry point to its exit point. In order to avoid unmanageable traffic situations, the following constraints were required additionally (situations not respecting these constraints were discarded):
• A minimal duration of 3 min was required before the first conflict happens. • A conflict solver using a genetic algorithm, as described by Durand et al. (1996) , was run to check that a solution exists using some simple maneuvers defined by three values per aircraft (t 0 , t 1 , ) : the aircraft turns degrees at t 0 and resumes its course at t 1 , with the following ranges: Figure 7 gives some examples of such traffic situations, displayed in the Dynamic mode.
Using this process, two series of 16 exercises were generated for the experiment: each series is intended to be run in a different mode (Basic or Dynamic) by each group of participants and contains in the following order: 
Participants
We conducted the experiment with two categories of ENAC students: All the participants were between 21 and 24 year old. There were 14 males and 6 females in the ATC student cohort and 15 males and 5 females in the engineering student cohort. Each category of students was divided into two groups, which ran the experiment at the same time in the same computer room (see Fig. 8 ):
• The first group did the first series of exercises in the Basic mode and the second series in the Dynamic mode • The second group did the first series of exercises in the Dynamic mode and the second series in the Basic mode Exercises were randomized for the same number of aircraft but we kept an increasing number of aircraft. There may be a learning effect over time, but it would affect both series of exercises and does not prevent us from concluding on complexity issues.
There was no time constraint. The whole exercise lasted from 30 to 45 min. Before the experiment, each participant was asked to read and sign an agreement form, allowing us to use the results collected anonymously.
Measures
During the experiment, each participant tries to solve the different traffic situations one by one, by modifying some aircraft trajectories. For each exercise, the following information is recorded:
• All the mouse actions and the resulting aircraft trajectories, with two time indications:
• the relative time at which it happened in real life (counted from the beginning of the exercise); • and the corresponding relative time in the simulation (which is often different as the participant moves forward in time during the exercise).
• The number of aircraft pairs for which some conflicts have not been solved at the end of the exercise (i.e. for which the minimal separation distance of 5 nautical miles was not ensured during some periods).
• The number of modified aircraft trajectories.
• The cumulative delay (in seconds) that has been generated by the different maneuvers.
• The time spent handling each exercise (in real life).
Results
Presentation of results
In the following sections, we analyze five parameters:
1. The number of unsolved conflicts; 2. The number of maneuvers used to solve conflicts; 3. The delays of maneuvered aircraft.
These three parameters give a measure of the user performance in the different modes.
4. The number of mouse actions; 5. The time spent on the exercises. The results are gathered by number of aircraft and by experiment mode (Basic or Dynamic): each value is the average across participants and across exercises, for a given number of aircraft and a given experiment mode. On the figures, the error bars show the 95% CIs of the means.
Regarding the delay, and the number of mouse actions, the figures always include all the exercises, even the ones that were not solved. We include them because we observed that we obtain the same trends and same order of magnitude when we only take into account the solved exercises.
For each of the five parameters, we assessed the potential effects of the group of students, the difficulty of the exercise, i.e., the number of aircraft, the experiment mode and their interaction. The residuals of a linear model of these factors were not normally distributed for any of the five parameters ( p < .001 for all Shapiro tests). Therefore, for each of the five parameters, we could not analyze the data with an ANOVA (analysis of variance) and fitted the data to a generalized least square (GLS) model, using the rms package of R (version 3.1.1). This GLS model analyzed the effect of following variables and their interactions: Group (ATCO vs. Engineering students), Number of aircraft (2, 3, 4 or 5) and Mode (Basic vs. Dynamic).
Unsolved conflicts
The first goal of the experiment was to solve the conflicts: Fig. 9 shows the number of unsolved conflicts, measured by the number of aircraft pairs that still have a conflict in the proposed solution.
After fitting a GLS model, we can state that the Group had no effect ( t = 0.9 , p = .38 ) on the number of unsolved conflicts. However, the Mode ( t = 2.8 , p = .005 ), the Number of aircraft ( t = 10.9 , p < .001 ) and the interaction Mode × Number of aircraft ( t = 5.3 , p < .001 ) significantly contributed to explaining variance in unsolved conflicts. More precisely:
• with two aircraft, there is no difference between both modes; indeed, the predicted 95% CIs of the number of unsolved conflicts were [−0.08;0.15] for the Basic and [−0.13;0.11] for the Dynamic mode.
• from three to five aircraft, there are significantly more unsolved conflicts in the Basic mode than the Dynamic mode and the unsolved parameter increases linearly for both conditions as a function of the number of aircraft. The largest difference is then observed for five aircraft which is the largest amount tested: estimated 95% These results provide the main contribution of this experiment: for both air traffic control and engineering students, we observe far fewer unsolved conflicts in the Dynamic mode and the difference between the two modes increases with the number of aircraft involved in the clusters. Most of the exercises with two aircraft were solved but in the Basic mode, the number of unsolved conflicts rapidly increased with the number of aircraft regardless of the user profile. These results confirm that making the conflicting portions of trajectories dynamically visible while modifying one of them provides significant assistance in solving the conflicts, even though it has to be done step by step.
These results also confirm the difficulty for humans to find solutions for conflicts involving many aircraft, even on problems for which the genetic algorithm solver finds instantly a simple solution involving no more than one maneuver per aircraft (Table 1) .
Number of maneuvers
The guidelines of the experiment also asked participants to minimize the number of maneuvers (after solving the conflicts).
In the recorded data, one way to assess the number of maneuvers is to count the number of aircraft trajectories that were modified, while ignoring the number of mouse interactions that were actually needed, as shown in Fig. 10 .
From the GLS model, we can state that the number of modified aircraft trajectories increases with the number of aircraft, respectively. Confidence intervals for the Dynamic mode were non significantly different from these. This can be explained by the fact that participants solve complex conflicts by dealing with one aircraft pair at a time. For each conflicting aircraft pair, participants typically moved only one of the two aircraft in order to avoid the other (and if possible other already maneuvered aircraft). At the end of this process, it looks like participants sorted conflicts by priority, and in most cases, they left one aircraft trajectory completely unchanged (as if this aircraft had the highest priority).
Delay
The third guideline given to the participants was to limit the delay (after solving the conflicts and minimizing the number of maneuvers). Figure 11 shows how the total delay per exercise increases with the number of aircraft, in the two modes. From the GLS model, we can state that only two variables contributed significantly to explaining the variance of the delay: Number of aircraft ( t = 7.6 , p < .001 ) and the interaction Group × Mode × Number of aircraft ( t = 2.8 , p = .006 ). Indeed, the delay globally increases with the complexity of the exercises. However, for Engineering students the delay is largest with five aircraft in the Dynamic mode [256.3;303.2] , while on the contrary, for ATCO students the delay is largest with five aircraft in the Basic mode [200.0;246.9 ].
• In situations involving only two aircraft, there is no significant difference between the delays obtained with both modes (95 CIs were [19.4; 45.1] These results show that the Dynamic mode helps specifically trained users to find accurate maneuvers in the most complex situations.
Number of mouse actions
The number of mouse actions needed to handle the exercise gives an estimation of the number of maneuver adjustments. This value overestimates the effective number of maneuvers because a single and simple maneuver can be adjusted several times with different consecutive mouse actions. Furthermore, this value also provides interesting feedback on the complexity of the maneuver elaboration. We can observe in Fig. 12 that users tend to interact more with the mouse in the Dynamic mode. When analyzing results of GLS modeling on this parameter, only two variables contributed significantly to explaining the variance: Number of aircraft ( t = 7.7 , p < .001 ) and the interaction Mode × Number of aircraft ( t = 2.3 , p = .02 ). We can state that:
• In situations involving only two aircraft, there is no significant difference between the number of mouse actions This result is at first surprising because the highlighting of the conflicting portions of the trajectories should theoretically help to define more efficiently all the needed maneuvers, resulting in fewer mouse actions. In fact, it appears that the participants were neither prompted nor trained to take advantage of this mode for this purpose (minimizing the number of mouse actions). On the contrary, the Dynamic mode encouraged them to test different options of maneuvers, in a "what if" way of thinking. Because the Dynamic mode gives instant feedback on the user's action, the user may be more tempted to adjust the previous actions to reduce delays.
Future experiments with different guidelines and with participants trained in the Dynamic mode could help us confirm this first analysis.
Time spent handling the exercises
Similarly to trends for mouse actions, Fig. 13 shows that time spent to handle the exercises increased in the Dynamic mode, for both ATC and engineering students. When analyzing results of GLS modeling on this parameter, only two variables contributed significantly to explaining the variance: Number of aircraft ( t = 7.4 , p < .001 ) and the interaction Mode × Number of aircraft ( t = 2.8 , p = .006 ). We can state that:
• In situations involving only two aircraft, there is no significant difference between the time spent to handle the exercises in both modes ( During the experiment, the participants did not have a time limit and had no reason to rapidly solve the exercises. They therefore took more time to explore the different solutions for each aircraft in the Dynamic mode, because they had more information about the transformations of the conflict areas.
Conclusion and further work
To conclude, we first confirmed with our experiments that the Dynamic mode helped ATC and engineering students deal with clusters involving more than two or three aircraft.
In the Basic mode, they start having major issues when clusters involve 4 and 5 aircraft. We are aware that the lack of vertical maneuvers made the exercises more complicated for those cases. In the Dynamic mode, experiments show that the proposed tool helps the users deal with cluster complexity. There was no reduction of the number of maneuvers, but in terms of delay, we can also see the benefit of having an accurate tool to limit the size of maneuvers. It seems that the tool does not provide any clue to the user about how to reduce the number of actions. The reactive aspect of the tool led to more mouse manipulations. By analyzing one by one the answers, we found that the user tends to use the Dynamic mode like a "what if" mode to check options. This can also explain why the time spent solving the exercises is longer with the Dynamic mode. We did not ask participants to solve the problems as fast as possible and they did not get trained to use the tool. There was no significant difference between ATC students and Engineering students except for delays: ATC students tend to give maneuvers which generate less delays than engineering students. It seems that most of the separation task skills are acquired once the ATC controllers are finished with their initial training at ENAC and when they move to their Air Traffic Control Centers.
This initial experiment was a first test to prove the potential usefulness of showing the conflicting parts of the trajectories to air traffic controllers. Other findings did not systematically highlight benefits of visualization tools in spatial tasks. For instance, providing participants with a computer visualization tool did not necessarily enhance performance of inferring and drawing cross sections of a three-dimensional object (Keehner et al 2008) . Thus, more research is needed to identify which component(s) of the visualization tool helped solve the most complex conflicts.
Furthermore, we can build on our results by taking the following steps:
• We first want to redo the test with qualified air traffic controllers in order to check whether we find any difference with the present results.
• In a second phase, we need to add vertical maneuvers and interactions in the model. This requires adding altitude information to an aircraft tag and defining a simple interaction to maneuver the aircraft vertically. With this first improvement, we can build scenarios including climbing and descending aircraft.
• We also need to improve the uncertainty model. First, we want to make it compliant to realistic uncertainties. In addition to uncertainties due to speed prediction in both vertical and horizontal planes, we need to model the uncertainty caused by the pilot answer to orders and the track accuracy, especially when aircraft are following headings. We also want the controller to be able to adjust in real time the uncertainty parameters in order to comply to his/her own preferences. • We finally want to test the tool presented on a real traffic environment with qualified controllers. To reach this goal, we will connect our tool to a real simulator performing real data sets of traffic and perform experiments in a more realistic environment.
